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l!mFuaL ComwCTIvTITT OF cARBommm BRIQUETTES 

A. s. Bien, 0. p h i u p s ,  and M. Wolkstein 

Newark College of Engineering, newark, Hew Jersey 

Introduct ion 

The purpose o f  t h i s  work w a s  t o  determine the  e f f e c t  of temperature 
End br ique t t ing  prsssure  on t h e  thermal conductivity of  b r ique t tes  made 
from bituminous coal,  an th rac i t e ,  and petroleum f l u i d  coke. The b r i -  
quet tes  were formed by pressing these mater ia ls  w i t h  s u i t a b l e  binders. 

meter ia ls  there  i s  a d e e r t h  of fundamental and systematic data on t h e i r  
propert ies  , such as thermal conductivity . There i s  a need pa r t i cu la r ly  
f o r  thermal conductivity dzte  which would be used f o r  t h e  proper desizn 
of b r i cue t t e  carbonizing. r e t o r t s  end b r ique t t e  using furnzces.  Conse- 
quently it was f e l t  t h a t  any fu r the r  study, such as covere6 by this paper, 
w i l l  60 2 lon6 way towards upgrading t h i s  process from i t s  present s t a s e  
as an 21% t o  one based upon sound technological pr inc ip les .  

Brlquett  inp 

a t  225'F 2nd ground i n  a hammer mill through a 3/64" screen. 
nous coal  was then contacted with a i r  a t  ,55OoF u n t i l  it was adequately 
oxidized to reduce coking power as observed by t h e  ASTK f r e e  swellin_a 
tes t .  The petroleum coke a l so  shown i n  Table I was d r i e d  end ground i n  
a b a l l  m i l l  f o r  15 minutes. 

The pulverized coals and coke were blended w i t h  s u i t a b l e  binders,  
i . e . ,  coal with c o a l  t a r  p i t c h  and coke with coker bottoms. The proper- 
t i e s  of t h e  binders which were chosen on t h e  basis  of p r a c t i c a l  considera- 
t ions  as t o  eeneral  a v a i l a b i l i t g  and adequacy are shown i n  Table 11. 

br ique t te ,  3+" in diameter, end approximately 1" th ick .  Briquett ing 
pressures of 1000, 3000, 4000 and 5000 ps i6  were used t o  determine subse- 
quently the  e f f ec t  of gressure on thermal conductivity.  

Table I - Propert ies  of Carbonaceous Nater ia l s  

In s p i t e  of t h e  promising fu tu re  f o r  carbonized br ique t tes  of these  

Coals  having t h e  proper t ies  shown i n  Table I were d r i ed  i n  an oven 
The b i tumi-  

The mix was then  pressed i n  a hydraulic press t o  form a cy l indr ica l  

Ant hrac it e B i t  urn inou s 

4.1% 19.5% 6.1% 
0.4% 0.7% 6.1% 

80.1 73 -3% 
15.4g 6.5% 0.0% 

Fixed C 
Ash 
Vola  t il e 
Sulfur 

-- Table I1 - Propert ies  of Binders 

Coker Bottoms 

84.0% 

Sulfur  0.6% 5.2% 

--733$--- Conradson C W% 
Ultim3te Analysis - Carbon 94.0% 

Fydrogen 5.1% 8.5% 

A s h  0.2% 

Present address: Chemical Construction Corporation, New York, New York 
Present address : Scient if I C  Design Corporation, i?ew York,  New York 
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Carb oniz a t  ion 

A l i n e r  w a s  made t o  f i t  an ordinary laboratory muffle furnace i n  
order t o  d r ive  off t h e  v o l a t i l e  matter and d e s i p e d  t o  carbonize the bpi- 
quet tes  a t  various temperatures i n  an ine r t -  atmosghere - o f  nLtragen. The 
nitrogen was Brehezted i n  t h e  outer  sec t ion  o f  the l i n e r  before comine i n  
contact with the b r ique t t e s .  The furnace was heated a t  a r z t e  o f  3O t o  
5oF pe r  minute f o r  t h e  p e t r o l e m  coke and v l th rac i t e ,  while f o r  t h e  bi tu-  
mlnous c o a l  t h i s  heat-up ra te  was maintained up t o  9oO°F and reduced t o  
lo? per  minute above t h i s  temperature. 3xperience w i t h  these materials 
had shown t h a t ,  if these  r a t e s  were edhered t o ,  cracking due t o  t o o  rzpid 
vaporization of  the v o l a t i l e  metter and s h r i n k q e  o f  t h e  br ique t tes  could 
be evoided. The purpose o f  t h i s  procedure xes t o  dF ive  o f f  t he  v o l e t i l e  
ngt:er s o  t ha t  i t  would no% suk3eq~ez t ly  f o u l  the  comiuctivity c e l l  2a-d 
30 t h z t  t he  dimensions of t h e  t e s t  syecinen could be s t ab i l i zed  2nd be 
eccurately neisured p r i o r  t o  t h e  determicat ion. 

Thermal Conduct i v i t v  

on t h a t  rlescribed by J. 5 .  Tinck (1, 2 )  nodified t o  enp-ble these determina- 
t i o x i  t o  be conducted i n  an i tnosphere o f  ni t roken i n  order t o  prevent 
conbustion of t h e  s a p l e s .  A cross-section diagrzm of  t he  c e l l  i s  shown 
i n  ?iLmye I with an enlarged view showing the r e l a t i v e  locetions of the 
thermocouplss , t sst hea te r ,  p a r d s  end sample i n  Fieure 11. 

~ n ?  del ivsred 250 ~ v a t t s  et  110 V. In t h e  same p l a t e  vas a guard heatPr 
2$" wide, xhich forged a. r i n g  eround the  tes t  hea ter .  The b o t t o m  F a r d  
hea ter  was sepamted from t h e  other  heaters  by 2&" of diatonaceous earth.  
Atop eEcb ol" these heat ing elements iiaS an isothermal p l z t e  of 3/4" 
s i l i c o n  carbide in which chromsl alumel thermocouplss were ircbedded. T$e ssroplev, which,  a f t e r  shrin!&age durin,? carbonizins,  were s l l s h t l y  over 3 
i n  diameter, yere pla.ced on t h e  t e s t  hea te r  isothermal p l a t e  znd covered 
by an addi t iona l  s i l i c o n  carbide isothermal plate. 

The ?.lousing was 22" i n  dislseter by 23" overa l l  h e i e - t .  
sealed by a, 14" f lange cover in order t o  nake it gas t iEh t .  
c o o l e r ,  t o  provide an adequate temperature d i f f e r e n t i a l ,  xas atteched t o  
t'ns fAange cover. 

The thermal coz-ductivity c e l l  used in  these  deterainat ions was based 

The t e s t  kea te r  element w2.s imbedded i n  e 3" diameter alucdun ? l a t e  

The c e l l  was 
A water 

The ins ide  o f  the  c e l l  houslng was l ined  with 5" of 2000°F castable 
insulat ion.  The spaces between the  c e l l  components and the  l in ing  were 
f i l l e d  with loose diatomaceous ear th .  

The heaters  were cont ro l led  by mems of  powerstzts, 45 amp, 110 V for 
t h e  marc? heaters  znd 7.5 amp, 110 V f o r  t k e  t e s t  heater .  The power imput 
t o  t h e  t e s t  hea te r  wes measured by 'e. 0-500 ma millZameter and 9-50 V volt -  
iaeter at low power l eve l s  znd 100/200 watt dual  range wattmeter a t  hisher 
lev91s. This wattmeter w a s  accurate t o  ' 3  watt.  

The ac tua l  temperature d i f f e r e n t i a l  across the  t e s t  piece was 
neasured by s t e in l e s s  s t e e l  sheathed chrome1 alumel thermocouples a t  t he  
points indicated i n  F i w r e  11. 

The formula f o r  thermal conductivity i n  a steady s t a t e  systern.is as 
follows : K=E 

9 = quant i ty  o f  heat t ransfer red  
s = thickness of sample 

where K = thermal conductivity 

I 

1 
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A = cross sec t iona l  area of heat t r a n s f e r  
t = temperature d i f f e r e n t i a l  across szslple 

In  o r d e r  f o r  t h i s  equation t o  be ve l id  ce r t a in  conditions must be 
met. 1) The system must be i n  a s t a t e  o f  thermrl equilibrium. 2 )  The 
heat flow must be normel t o  t h e  cross sec t iona l  area througll t he  e n t i r e  
he ish t  of t he  sample. 3) All t ?e  heat eenerated i n  t h e  t e s t  hea te r  and 
o ~ l y  t h i s  heat xtst flow throuah the  sample. 
t i s 1  nust be reasonably small. The warded hot p l a t e  c e l l  used i n  t h i s  
study subs tan t ia l ly  s a t i s f i e d  t h o  f i r s t  t h ree  conditions,  2nd minimized 
t h e  ill ef fec ts  of t he  fourth.  

If the f i r s t  condition i s  s a t i s f i e d  by maintaininz t h e  c e l l  a t  
constant teu!pereture f o r  a reasonzbly 109,- period o f  t ime and the  t h i r d  
condition is  s a t i s f i e d  by meintaining the  t e s t ,  r i n s  g a r d  and bottom 
s a r d  isothermel  p l a t e s  a t  ea sen t i s l l y  t h e  same temperature, t h u s  negatins 
any l a t e r a l  o r  downward thermal dri-rinz forces .  

4) The temperature difreren-  

It carl be shown by t h e  following analysis  t h s t  the second conCition 

The heat generated i n  t h e  t e s t  hea te r  flows upward in to  the  t e s t  
sample except f o r  e small amount which flows in to  the  sap between t h e  
r i n g  guard and t e s t  heaters  and then flows upward. (See Fi ,ure  11) By 
placing an isothermal p l a t e  on top  of t h e  t e s t  sample the re  i s  l i t t l e  
tendency f o r  heat mieration toward point 3 ,  s ince  the  temperature a t  
points  3 and 4 are now essen t i a l ly  equal. Yith t h i s  t o p  p l e t e  t he  heat 
flow w i l l  t e n d  t o  diverge toward point 3 due t o  t he  d i f fe rence  i n  confiuc- 
t i v i t y  i n  t h e  t e s t  sample and t h e  in su la t in s  material  above t h e  r ing guard 
p l a t e  and t h e  r e su l t an t  temperature d i f fe rence  at points  3 and 4. The 
same analysis  would hold f o r  t he  heat generated i n  t h e  r ing  guzrd heater .  
A n  addi t ional  item which e f f ec t s  t h e  d i r ec t ion  of t he  flow o f  heat from 
t h e  r ing  hea ter  is t he  e f f ec t  of heat lo3ses.  Heat losses  from the  r i n e  
w i l l  a f fec t  the flow of heat t h roum t h e  tes t  sample i f  they become exces- 
s ive.  However, with adequste insulat ion the  adverse e f f e c t  of end losses  
can be kept within the  l l m i t s  of experimentel accuracy. 

The fourth condition must be somewhrt s a t i s f i e d  because the  cocduc- 
t i v i t g  i s  actu2l ly  a reean value between the  conductivity et hot end cold 
ftice teaperetures.  The use of this  v a l u e  assunes t h a t  a l i n e a r  r e l e t ion -  
ship ex i s t s  between conductivity and temperature . 
The values for thermal conductivity determined i n  this study a r e  tabulated 
below i n  Table I11 and p lo t ted  i n  F i G r e  1 x 1 .  In  a l l  cases ,  except were 
noted, the  br ique t tes  were pre-carbonized 2.t approximately t h e  seme tenpera- 
t u r e  as t h e  conductivity de t  e m i n a t  ion. 

i s  e l s o  s a t i s f i e d :  

TABL3 I11 
Material  B r i q .  Mean K Kat e r i e l  Briq. Mean K 

Press Temp. a!!'TJ/ Press Temp. 5TU/ 
PSIG O F  U R d F - 9 T 2 /  ZSIG OF HR-oF-:-T~/ 

3030 287 2.51 2200 293 3.80 

Di IN 

Anthracite 1000 295 2.69 Coke 1000 285 4.10 

5000 284 2.87 5000 309 3.92 
1000 890 4.09 4000 726 3 -36 

' 3000 894 3 -76 1000 a m  2.97 
5000 916 3.80 3000 928 2.82 
5000 1271 5 -36 3030 1277 2.56 
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-- Table I11 (Cont. ) 

Nzt e r  i a1 Briq. Miem K 
Press Temp. 
PSIG OF ZR-OF-FT~/  

7- 

4 

Bituminous 1030 263 1.36 
3000 276 1.23 
5000 277 1.18 
3000 591 1.18 
lOC0 941 2.91 
3030 880 3 -28 
5000 865 2.88 
5000 1234 5.61 
1030, 1465 9.98 
1000, 475 7.10 
1000 1116 8.0 

These br iquet tes  were carbonized a t  16000F t o  show e f f ec t  of temperatures. ii 

A study by Batchelor e t  a1 ( 3 )  on br iquet tes  formed f r o m  25% Pit tsburg 
seam bituminous coal ,  63.5% low temperature char of  t h i s  mater ia l ,  2nd 
11.5% p i t ch  is subs t an t i a l ly  i n  apeement w i t h  the r e su l t s  of the  present 
study o n  bituminous coa l  br ique t tes .  In both cases the materia1 w a s  pre- 
cerboniz ed 

Table E 
K-ETU/HR-OF-FT~/IN 

Temp. OF Batchelor et 21 Present Study 

300 I .a 1.2 
600 1.8 1.2 
900 2.4 3 - 0  
1200 4.8 5.6 
1500 9.5 10.0 

The only other thermal conductivity da ta  fougfl there the r e su l t s  
were determined at e levsted temperatures i s  t h e t  of Terres (4 )  on pieces 
of D-glish coking coals .  The values a r e  in  reasonable agreement with the  
present study. The work of Eeletzki  (5)  on pulverized coals i s  e l so  i n  
good agreement cocsiderinn t h a t  h i s  values were de te rmind  a t  room tempera- i 

t u r e  and t o  be compered t o  the  current study should include a temperature 
coe f f i c i en t .  This da t a  together  with t h a t  of Batchelor e t  a1 is  shown i n  
Fi_mre N. 

A n  attempt t o  show t h e  e f f ec t  of tempsrature alone involved t h e  
measurement of conduct ivi t ies  on a b r ique t t e  which had been carbonized at  
1600°7. The conduct ivi t ies  of  t h i s  br ique t te  a t  lower t emperatures were 
considerzbly hib&er than t h e  condact ivi t ies  of br ique t tes  carbonized at  
t h s  temperzture of  t h e  conductivity determination. (See Figure V )  

From the above discussion,  it will be evident t h a t  t h e  vzlues f o r  
-thermal concuctivity determined i n  t h i s  study a r e  values which include 
t h e  e f fec t  af temperature en& t h e  e f f ec t  of carbonization. For design 
considerations th i s  i s  the  m o s t  useful  conductivity value. 

r 

/ 
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A n  a t t e m ~ t  was a l s o  mzde t o  determine t h e  e f f ec t  o f  b r i q u e t t i n s  

pressure on t h e  therms 1 ccnCuct i v i t  y . Se.mples br ioue t t  ed et three  
dii ' ferent pressures were mezsurd a t  303OF znci, 303%, e n 1  t k e  viri5.Y :.,J:--s 
found were wel l  within tho  accuracy of t h e  determination act tharefore  
could not be a t t r i bu ted  t o  differences i n  b r lque t t i ng  pressures.  

As a r e s u l t  of these  t e s t s ,  i t  is f e l t  t h a t  t h e  conductivity of 
br iquet ted cozls is dependent on the  na ture  of the base mzter ia l  only 
slightly rcodified b y  t h e  binding zeent and Independent of t he  pressure 
e f f ec t s  of br ique t t ine .  Other propert ies  probably en te r  in to  the  p ic ture ,  
such as p s r t i c l e  s i z e ,  but these  were beyond the  scope of t h i s  study. 

It I s  possible  t o  formulate equations f o r  t h e  conduct ivi t ies  of 
f l u i 3  coke and entthrecite, within the  ranee s tudied,  but t h e  equation 
f o r  t h e  curve f o r  bituminous coal  would requi re  e. f a c t o r  re la ted  t a  the  
coking power of t h e  coal .  The equetions fo r  f l u i d  coke and zntl?rr,cite 
include only a temperature f ac to r  s ince  t h e  carbonaceous base in  these 
cases has not undergone any subs t an t i a l  thermal chanee. 
could h m e  been cont inued t o  higher t enperatures , t h e  coef f i c i e n t  of 
thermal change would probably en te r  Into these  equations a l s o .  

If t h e  study 

These conclusions a r e  q u i t e  rezsonable s ince  t h e  bituminous coal  
undergoes fusion and loses  i t s  p a r t i c u l a t e  na ture  on carbonizing, while 
the other  materials rema i n  pe r t  i c u l a t e  even at much hiEher t emperstures 
then encountered In t h i s  study. They do, however, g ive  up v o l a t i l e  
matter consis t ing mostly of hydrosen Indiczt ing a des t ruc t ive  d i s t i l l a -  
t i o n  which could probably a f f e c t  t h e  therms1 conductivity.  

The eauations f o r  t h e  thermel conductivity of t h e  br ique t ted  mater ia l  
based on the curves shown 

Anthracite 

300-1200°F -- K 

Bituminous Coal 

3 0 0 ~ -  6 0 0 0 ~  -- 
600'- 900°F -- 
9000- 1200OF -- 

1200'- 1500°F -- 
Fluid Coke 

300-120co~ -- K 

i n  " i s r e  111 a r e  as-fol lows:  

I 2.30 + 1.0 10% 4 9.0 x 10-7t2 

K = 1.20 
K = 0.0049t - 1.59 
K = 0.0087t - 5.01 
K = 0.0150t - 13.70 

= 4.32 - 1.42 x 
K is t h e  thermel conductivitv in BTU/FR-OF - FT2/IS 

t is temperature In OF. 

The everage devie t ion  about t h e  mean value f o r  t hese  determlnp.tions 
i s  5 t o  8% by measurement. The absolute  accuracy, as calculated from 
poss ib le  e r rors  i n  t h e  measurement of temperature and heat  input ,  is 
i n  t h e  order of 15 t o  20%. This is well within t h e  l i m i t s  required f o r  
enaineering work and owing t o  t h e  very special ized na tu re  of t h e  
br ique t tes  and the  high degree of var ia tbn  found in t h e  cha rac t e r i s t i c s  
of coals, I s  a.bout as accurate  as  would be required.  
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A- ELECTRICAL CONNECTIONS 

8-THERMOCOUPLE CONNECTlONS 

c -  WATER-COOLED JACKET 

0 - M O L D E D  DIATOMACEOUS EARTH 

E- SILICON CARBIDE ISOTHERMAL PLATES 

F-ALUNDUN HEATING ELEMENTS , 

F, - TEST HEATER 

Fz-RING HEATER 

F ~ - B O T T O M  GUARD HEATER 

G-2000.F CASTABLE REFRACTORY 

H- 2 7 0 0  *F CASTABLE REFRACTORY 

J-LOOSE DIATOMACEOUS EARTH 

T - T E S T  SAMPLE 

DIAGRAM OF THE THERMAL CONDUCTIVITY CELL 

. F I G U R E  I 

-- 
I SILICON CARBIDE 

- 3  T,C. 4 

t 
SAMPLE SURFACE THERMOCOUPLES 

TYC . 
SILICON CARBIDE 

I I  

RING GUARD HEATER TEST HEATER RING GUARD HEATER 

I A n n n I 

TWO INCHES OF MOLDED DIATOMACEOUS EARTH 

n "  A 

I 101 c. 
1 

T C  0 SIL ICON CARBIDE 

BOTTOM GUARD HEATER 

& 

T C -1HERYOCOUPLE LOCATION 

THERMOCOUPLE ARRANGEMENT I N  CON DUCTlV lTY C E L L  

F I G U R E  X I  



* 
> 
I- 
O 
3 
0 z 
0 
O 

J 

I 
Q 
w 
X 
I- 

t - 

a 

- 88 - 
THERMAL C O N W C T I V I T Y  VS MEAN TEMPERATURE FOR BRIQUETTES MADE FROM 

ANTHRACITE, BITAMINOUS COAL AND PETROLEUM FLUID COKE. 

A ANTHRACITE 
BITUMINOUS COAL 

Q FLUID COKE 

I I I I 
9 ' 3  6 12 I5 

I 

MEAN TEMPERATURE X I O O F  

FIGURE XU 
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